To test the role of recently developed biplane transesophageal color Doppler echocardiography in the assessment of severity of mitral regurgitation, we examined 51 patients undergoing cardiac catheterization and left ventriculography. Transesophageal color Doppler flow imaging detected mitral regurgitation in all 32 patients proved to have this lesion. In 10 of 16 patients without mitral regurgitation by angiography, mitral regurgitation signals were detected by transesophageal color Doppler flow imaging. Thus, the sensitivity and specificity of transesophageal color Doppler echocardiography for the detection of mitral regurgitation were 100% and 38%, respectively. There was some correlation between the regurgitant jet area from the longitudinal plane and angiographic grading. An improved angiographic correlation was achieved with the regurgitant jet area from the transverse plane. The best correlation with angiography was obtained when the maximum regurgitant jet area from two planes (the greater of the two measurements, each from a different plane) was considered. There was a significant difference in the maximum regurgitant jet area between none and mild (p<0.01), mild and moderate (p<0.001), and moderate and severe (p <0.01) mitral regurgitation. The maximum regurgitant jet area of less than 1.5 cm2 predicted the angiographic grading as none with a sensitivity and specificity of 88% and 94%, respectively. The maximum regurgitant jet of between 1.5 and 4 cm2 predicted the angiographic grading as mild with a sensitivity and specificity of 82% and 95%, respectively. The maximum jet area of between 4 and 7 cm2 predicted moderate mitral regurgitation by angiography with a sensitivity and specificity of 100%7 and 95%, respectively, whereas the maximum jet area of more than 7 cm2 predicted severe mitral regurgitation with a sensitivity and specificity of 83% and 100%1, respectively. Thus, biplane transesophageal color Doppler flow imaging is a useful technique that not only is highly sensitive in identification of mitral regurgitation but also provides an accurate estimation of its severity. (Circulation 1990;82:1121-1126 D poppler techniques now permit noninvasive evaluation of intracardiac blood flow and have a well-established record of accuracy in the detection of regurgitation of all four cardiac valves.1-10 The recent development of color Doppler flow imaging, which superimposes color-coded flow patterns on real-time two-dimensional images, has made it possible to evaluate the severity of valvular regurgitation.11-15 Transesophageal echocardiog-raphy16-24 provides ultrasonic access to the heart from the esophagus without restriction by lung tissue or ribs, and the proximity of the esophagus and the From the heart allows the use of high frequency near focused transducers; improved image quality results. In theory, transesophageal Doppler color flow imaging facilitates detection of mitral regurgitation22-24 because the transducer is closer to the mitral valve and provides unobstructed images. Although there are a few reports concerning the usefulness of transesophageal echocardiography in detecting mitral regurgitation, there are no reports concerning the See p 1507 quantitative assessment of mitral regurgitation with transesophageal color Doppler flow imaging. The purpose of our study was to clarify the usefulness of biplane transesophageal color Doppler flow imaging in the assessment of severity of mitral regurgitation.
Assessment of Mitral Regurgitation by Biplane Transesophageal Color Doppler Flow Mapping
To test the role of recently developed biplane transesophageal color Doppler echocardiography in the assessment of severity of mitral regurgitation, we examined 51 patients undergoing cardiac catheterization and left ventriculography. Transesophageal color Doppler flow imaging detected mitral regurgitation in all 32 patients proved to have this lesion. In 10 of 16 patients without mitral regurgitation by angiography, mitral regurgitation signals were detected by transesophageal color Doppler flow imaging. Thus, the sensitivity and specificity of transesophageal color Doppler echocardiography for the detection of mitral regurgitation were 100% and 38%, respectively. There was some correlation between the regurgitant jet area from the longitudinal plane and angiographic grading. An improved angiographic correlation was achieved with the regurgitant jet area from the transverse plane. The best correlation with angiography was obtained when the maximum regurgitant jet area from two planes (the greater of the two measurements, each from a different plane) was considered. There was a significant difference in the maximum regurgitant jet area between none and mild (p<0.01), mild and moderate (p<0.001), and moderate and severe (p <0.01) mitral regurgitation. The maximum regurgitant jet area of less than 1.5 cm2 predicted the angiographic grading as none with a sensitivity and specificity of 88% and 94%, respectively. The maximum regurgitant jet of between 1.5 and 4 cm2 predicted the angiographic grading as mild with a sensitivity and specificity of 82% and 95%, respectively. The maximum jet area of between 4 and 7 cm2 predicted moderate mitral regurgitation by angiography with a sensitivity and specificity of 100%7 and 95%, respectively, whereas the maximum jet area of more than 7 cm2 predicted severe mitral regurgitation with a sensitivity and specificity of 83% and 100%1, respectively. Thus, biplane transesophageal color Doppler flow imaging is a useful technique that not only is highly sensitive in identification of mitral regurgitation but also provides an accurate estimation of its severity. (Circulation 1990;82:1121-1126) D poppler techniques now permit noninvasive evaluation of intracardiac blood flow and have a well-established record of accuracy in the detection of regurgitation of all four cardiac valves.1-10 The recent development of color Doppler flow imaging, which superimposes color-coded flow patterns on real-time two-dimensional images, has made it possible to evaluate the severity of valvular regurgitation.11-15 Transesophageal echocardiog-raphy16-24 provides ultrasonic access to the heart from the esophagus without restriction by lung tissue or ribs, and the proximity of the esophagus and the heart allows the use of high frequency near focused transducers; improved image quality results. In theory, transesophageal Doppler color flow imaging facilitates detection of mitral regurgitation22-24 because the transducer is closer to the mitral valve and provides unobstructed images. Although there are a few reports concerning the usefulness of transesophageal echocardiography in detecting mitral regurgitation, there are no reports concerning the See p 1507 quantitative assessment of mitral regurgitation with transesophageal color Doppler flow imaging. The purpose of our study was to clarify the usefulness of biplane transesophageal color Doppler flow imaging in the assessment of severity of mitral regurgitation.
Methods Patients
The initial study group comprised 51 consecutive patients who underwent both left ventriculography and transesophageal color Doppler echocardiography. However, three patients were excluded because of the presence of multiple premature ventricular contractions at the time of angiography, making the quantitation of mitral regurgitation difficult. Therefore, 48 patients who had adequate angiographic and transesophageal echocardiographic examinations formed the study population. There were 27 men and 21 women, and they ranged in age from 32 to 70 years (mean, 56 years). Thirty-two patients had mitral regurgitation by angiography, and the remaining 16 patients demonstrated normal mitral valvular function. The etiology of mitral regurgitation was rheumatic heart disease in 12, mitral valve prolapse in 10, congestive cardiomyopathy in six, and ischemic heart disease in four. Twenty-one patients were in New York Heart Association class III, eight were in class II, and three were in class IV. Fourteen of the 32 patients with mitral regurgitation were in atrial fibrillation, and the other 18 were in normal sinus rhythm. None of the patients without mitral regurgitation was in atrial fibrillation.
Cardiac Catheterization and Angiography
Biplane cineangiography was performed in the standard manner in all patients. Mitral regurgitation was graded according to the criteria of Nagle et a125: grade I, or mild (n=11), grade II, or moderate (n=9), and grade III, or severe (n = 12). Angiography was performed after transesophageal echocardiographic examinations. The mean interval between angiography and transesophageal color Doppler echocardiography was 2.5 days (range, 1-7 days). The angiograms were interpreted by consensus of two observers who did not know the results of the transesophageal color Doppler examinations.
Transesophageal Color Doppler Echocardiography
Transesophageal color Doppler echocardiographic examinations were performed with an Aloka SSD-870 system (Tokyo) with the use of a recently developed transesophageal Doppler probe that included two 5-MHz transducers (one for transverse planes, and one for longitudinal planes) mounted on the end of a flexible endoscope from which the fiberoptics have been removed. No patients received sedation. Patients were conscious on examination, and the endoscope was introduced into the esophagus with the patient in the left decubitus position. The studies were performed with a 450 color sector, a 4-KHz pulserepetition frequency, and a 15 frames/sec scanning rate. For each examination, care was taken to use an optimal gain setting, which was defined as the maximal gain level possible without introduction of signals outside of flow areas or onto tissue from an adjoining chamber. A complete scan of the entire left atrium was performed by tilting and alternatively withdrawing and advancing the tip of the endoscope. To obtain the largest jet, the transducer was panned up and down. Real-time images were stored in cine loop, permitting frame-by-frame review. Stop-frame images were analyzed by an independent observer who was unaware of other patient data. With the use of a software program already incorporated into the equipment, the outline of mitral regurgitation signals in the transverse and longitudinal planes was traced with a trackball, and the area was measured by computerized planimetry. The outline of mitral regurgitation signals included the portions showing nonaliased color representation. For measurements of the regurgitant jet area, the values of three and five measurements were averaged in patients with sinus rhythm and atrial fibrillation, respectively. The regurgitant jet area from the longitudinal plane and the transverse plane and the maximum jet area from two planes (the greater of the two measurements, each from a different plane) were compared with angiographic gradings. Because the amount of mitral regurgitation is dependent on the hemodynamic situation, the heart rates and systolic blood pressures during each examination were compared. Mean heart rates were 84±16 beats/min at transesophageal color Doppler examinations and 77±14 beats/min at cardiac catheterization. Systolic blood pressures were 132±22.8 and 126 ±20.1 mm Hg, respectively. Neither difference was significant.
The maximum regurgitant jet area by transesophageal color Doppler echocardiography was also compared with that obtained from three orthogonal planes by transthoracic color Doppler echocardiography. Quantitative assessment of mitral regurgitation by transthoracic echocardiography was done according to the criteria of Helmcke et al. 13 Transthoracic color Doppler examinations were performed with an Aloka SSD 870 system and a 2.5-MHz transducer. The studies were performed with a 450 sector and a 4-KHz pulse-repetition frequency. There were no significant differences in heart rates and systolic blood pressures during each examination.
To evaluate interobserver variability, transesophageal color Doppler measurements were obtained in 20 randomly selected patients by two independent observers who had no knowledge of angiographic data. Agreement was uniformly close throughout the range of regurgitant jet area with a correlation factor of 0.99 (Figure 1 ).
In the statistical analysis of the results, the significance of the differences between the mean values was assessed by Student's t test. The correlation between grading on the left ventriculogram and that on the transthoracic color Doppler imaging was assessed by the Spearman's rank correlation method.
Results
Transesophageal color Doppler flow imaging detected mitral regurgitation ( Figure 2 ) in all 32 patients proved to have this lesion. In 10 of 16 patients without mitral regurgitation by angiography, correlation ( Figure 4 ) was achieved with the regurgitant jet area from the transverse plane. The best correlation ( Figure 5 ) with angiography was obtained when the maximum regurgitant jet area from two planes (the greater of the two measurements, each from a different plane) was considered. Individual values of the maximum jet area from two planes for 16 patients without mitral regurgitation by angiography ranged from 0 to 2.1 cm2 (mean, 0.62±0.66 cm2).
Individual values of the maximum jet area from two planes for 11 patients with mild mitral regurgitation by angiography ranged from 1.2 to 3.8 cm2 (mean, 2.28±0.95 cm2). Individual values of the maximum jet area for nine patients with moderate mitral regurgitation by angiography ranged from 4.0 to 6.5 cm2 (mean, 5.62±0.78 cm2), whereas the maximum jet area for 12 patients with severe mitral regurgitation ranged from 5.0 to 13.9 cm2 (mean, 9.28+2.85 cm2). There was a significant difference in the maximum regurgitant jet area between none and mild (p<0.01), mild and moderate (p<0.001), and moderate and severe mitral regurgitation (p<0.01).
Although overlap existed in the values for maximum jet area among individuals in each of the four grades of angiographic regurgitation, visual inspection revealed an optimal separation of groups at 1.5, 4, and 7 cm2. The maximum regurgitant jet area of less than 1.5 cm2 predicted the angiographic grading as none with a sensitivity and specificity of 88% and 94%, respectively. The maximum regurgitant jet area of between 1.5 and 4 cm2 predicted the angiographic grading as mild with a sensitivity and specificity of 82% and 95%, respectively. The maximum jet area of between 4 and 7 cm2 predicted moderate mitral regurgitation by angiography with a sensitivity and specificity of 100% and 95%, respectively, whereas the maximum jet area of more than 7 cm2 predicted severe mitral regurgitation with a sensitivity and specificity of 83% and 100%, respectively.
The maximum regurgitant jet area detected by transesophageal color Doppler echocardiography was larger (p<0.05) than that detected by transthoracic color Doppler echocardiography (5.91+3.52 A significant correlation (r=0.81) was found between transthoracic color Doppler imaging and left ventriculography in the evaluation of the severity of mitral regurgitation.
Discussion
In the present study, we attempted to estimate the severity of mitral regurgitation using transesophageal color Doppler flow imaging. Our data lead us to suggest that the size of disturbed jet flow detected by biplane transesophageal color Doppler echocardiography correlates well with the angiographic grading of mitral regurgitation.
During the past several years, transesophageal echocardiography16-24 has been shown to provide optimal imaging quality in virtually all patients and of all cardiac structures. Transesophageal echocardiography is particularly useful in the detection of mitral regurgitation, left atrial mass and thrombus, and prosthetic valve dysfunction in the mitral position.22-24 To our knowledge, however, studies concerning the evaluation of severity of mitral regurgitation with the use of transesophageal color Doppler echocardiography have not been reported. Assessment of the severity of mitral regurgitation by transesophageal color Doppler is particularly important when reconstructive surgery for the mitral valve is evaluated intraoperatively. From the transesophageal approach, it is possible for area of the regurgitant jet to be rarely influenced by patient conditions such as obesity and chest deformity because the attenuation of the ultrasound might be virtually constant. The advantage of the transesophageal over the transthoracic approach in the evaluation of mitral regurgitation is the absence of anatomical obstacles between the ultrasound transducer and the left atrium; this results in superior recording quality and greater sensitivity in demonstrating mitral regurgitation. Our data showed that transesophageal color Doppler flow imaging is highly sensitive in the detection of mitral regurgitation, and the regurgitant jet area detected by transesophageal color Doppler was larger than that detected by transthoracic color Doppler flow imaging. In our experience, small variations in color gain do not produce changes in the regurgitant jet area; however, an excessive decrease in the gain might produce a significant reduction in area because of the elimination of lower velocities. In addition, a variety of technical factors inherent in the performance of color Doppler flow imaging are capable of influencing the size of regurgitation signals, including pulse-repetition frequency, angle of incidence, and limitations of the instrumentation to record low velocities of flow.
In the present study, we used biplane transesophageal probe, which enabled us to visualize both longitudinal and transverse views of the left atrium. Using a biplane transducer, an excellent angiographic correlation was obtained with the maximum jet area from two planes. Examination in two planes at the various levels of the esophagus provides some estimate of the three-dimensional size of regurgitant jet signals and should be superior to the use of only one plane. For example, a jet directed toward the upper portion of the left atrium can be underestimated by a transverse plane. On the other hand, a jet directed toward the lateral portion of the left atrium as is seen in patients with medial scallop prolapse might be underestimated by a longitudinal plane. Such an error could be avoided if the regurgitant jet area was also viewed from both transverse and longitudinal planes.
Using transthoracic color Doppler echocardiography, Miyatake et a112 reported good correlations between the angiographic grading and the depth behind the mitral orifice to which the jet was visualized. In their study, however, transthoracic color Doppler flow imaging failed to identify a significant number of patients with mild mitral regurgitation (sensitivity, 86%; specificity, 100%). Subsequently, Helmcke et a113 demonstrated a close agreement between the angiographic grade of regurgitation and the ratio of the disturbed flow area to the left atrial area from three orthogonal planes, and the sensitivity and specificity of transthoracic color Doppler for the detection of mitral regurgitation were 100%. However, their approach introduces an additional variable to jet area into the assessment of regurgitation (i.e., size of the left atrium). In addition, the perimeter of the left atrium cannot be completely visualized by transthoracic two-dimensional echocardiography. In the present study, we chose to evaluate the simple measurement of the maximum jet area obtained from two planes because it was difficult to visualize the entire left atrial cavity from the transesophageal approach due to the limitation of sector angle. This measurement proved to be accurate in delineating mild, moderate, and severe grades of mitral regurgitation without reference to the left atrial area.
Because technical improvements have made the detection of even mild regurgitation possible, regurgitant turbulent flow signals have been detected in a large proportion of normal subjects by transthoracic color Doppler flow imaging.26 Although there were no false-negatives in the present study with transesophageal color Doppler flow imaging, mitral regurgitation signals were demonstrated by transesophageal color Doppler flow imaging in a significant number of patients without mitral regurgitation by angiography (sensitivity, 100%; specificity, 38%). Possibly there were many false-positives by transesophageal color Doppler because transesophageal color Doppler flow imaging is an extremely sensitive method for the detection of mitral regurgitation. There are fundamental differences between angiographic and Doppler techniques; angiography maps the position of an indicator carried by blood flow, whereas Doppler color flow imaging maps the velocity of blood flow. Therefore, a small volume of regurgitant flow at high velocity may produce a vivid Doppler color flow signal but carry an insignificant amount of indicator for detection on the angiogram. Although the possibility that transesophageal examination might induce mitral regurgitation has not been completely excluded, we believe these are not false-positive results of transesophageal color Doppler flow imaging but rather false-negative results of angiography.
Study Limitations
The present study has some important limitations. Although we have compared transesophageal color Doppler echocardiographic findings with angiographic grading, angiography has significant limitations, including variability of the position of the catheter within the left ventricular cavity, volume and rate of injection of contrast medium, left atrial volume in which the regurgitant contrast is diluted, and volume of forward flow that partly determines its clearance. Croft et a127 demonstrated that a significant overlap exists when the angiographic grading of mitral regurgitation is compared with catheterization-derived indexes of regurgitant volume. It is possible that some of the discrepancies noted between transesophageal color Doppler and angiographic grading of the severity of mitral regurgitation might be caused by the different loading conditions present at the time of cardiac catheterization in the patient who has been premedicated or sedated.
Finally, although our data show that biplane transesophageal color Doppler echocardiography is useful for the accurate estimation of the severity of mitral regurgitation, transesophageal echocardiography is limited in scanning planes (transverse and longitudinal images). In patients with eccentric regurgitant jets, it would be difficult to detect the entirety of the regurgitant jets, even with the use of biplane transducers. Variability in the scanning plane inclination may be required to further improve the capability of the transesophageal approach.
